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Abstract. Non-electromagnetic emission from cosmic ray particles accelerated in extreme
environments has been studied using different variations of semi-classical formalisms. As the
energy loss mechanisms of such particles is of great interest, one must improve in some sense
the previously intuitive description of classical sources in the presence of fields. In this brief
note we evaluate the role played by the classical and dimensional proper acceleration of a
particle in radiation processes. One intends to show that the introduction of the acceleration as
a measure parameter gives an adequate scale for considering the processes of massive particle
emission. If the acceleration threshold is not attained one is considering a regime where
the processes of massive particle production are suppressed. The analysis is performed in a
semiclassical formalism once applied in different contexts and already checked for consistency
in a serie of papers. As a further application of the results we evaluate the possibility of a non
negligible meson production by protons accelerated in the framework of polar cap models
operating in electromagnetic fields of pulsars. It is shown that inside a systems endowed with
magnetic fields B ≥ 1012 G the meson emission by protons must not be disregarded
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1. Introduction
The rates and emitted powers of processes in the presence of (classical) Fab fields are usually
obtained in the context of classical or semiclassical approachs. It is argued (based on the
calculations of the electromagnetic spectra of radiation) that to disregard quantum effects it is
mandatory that the source of mass m obeys (1; 2; 3),
χ =
B?
Bcr
 1, (1)
where B? ≡ γB is the magnitude of the magnetic component of the electromagnetic field as
measured in the instantaneous reference frame of the source; γ is the usual Lorentz factor
and Bcr = m2/e is the critical field, which gives the value of the magnetic field where the
quantum effects must be taken into account. If χ ≥ 1, the backreaction effects become
important and a full quantum formalism must be employed. Otherwise if condition (1) is
satisfied the classical calculations are accurate and the associated emitted power depends
only on the proper acceleration of the source (4). For instance in the presence of a dipolar
magnetic field the proper acceleration of the (ultra-relativistic) emitting source is a ≈ γeB/m
and consequently the limit given by the parameter (1) can be rewritten as
χ =
a
m
 1 ←→ a  m. (2)
The χ invariant is usually defined in a frame independent way as χ ≡
√
(eFab pa)2/m3 and
depends on the electromagnetic field (Fab) and on the momentum (pa) of the source.
In this brief research note we explore the role played by the classical acceleration on
processes of emission of massive particles. Essentialy, we specify the ranges of the proper
acceleration of the source where a given emission channel of massive fields becomes relevant.
At the same time we introduce a semi-quantitative argument for the validity of the classical
approximation when one is interested in such a class of processes. Furthermore we expect
that the present framework can give some insight about the previous arguments on the
applicability of effective approachs. As a further application we analyze the possiblility
of extra mechanisms of particle production inside a particular engine of ultra-high energy
cosmic rays (UHECR) acceleration that may be useful for some astrophysical observations.
The range of proper acceleration where the process becomes favored is a natural consequence
of the basic assumptions of the formalism. It is shown that if the threshold for the massive
particle production is not taken as a measure parameter it can lead to different conclusions
about the relevance of such class of process.
We adopt natural units where c = ~ = 1 unless stated otherwise and Minkowski signature
of the metric ηab = (+,−,−,−)
2. The Formalism and Meson Emitted Powers
After a brief review of the semi-classical formalism of emission, we obtain the formulas for
the radiated power of massive scalar and vector mesons. The details of the calculations can
be found in (5; 6).
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We refer here to the following class of processes:
p1 → p2 +
∑
i
pi. (3)
The pi are the emitted fields, p1 and p2 are the states of a two level system following a
classical trajectory. The respective masses mi of pi satisfies mi < m1,2 being m1,2 the masses
of p1,2. The arguments for obtaining the classical limit (1) can be found in (3). Here we begin
with the intuitively statement that if the source is supposed to follow a prescribed trajectory,
it is assumed that the tri-momentum kirf of the radiated “i” field must be constrained to
|kirf |  m1,2(5; 6). The tri-momentum |kirf | is measured in the rest frame of the source.
Furthermore in (5) it is shown that the mean energy ωirf of the emitted particles are of the
order of the acceleration of the current, i.e.,
ωirf ∼ a, (4)
(see Fig. (3) in (5)). Then, from the condition mi  m1,2 and ω2irf = |kirf |2 + m2j one has
a  m1,2 in agreement with (2).
Further, from (4) one can argue that if the acceleration of the source is
a ≥
∑
i
mi (5)
the general (inertially forbidden) process (3) becomes energetically favoured. Consequently
from condition (4) the class of processes (3) becomes more relevant when a > ∆m + ∑i mi
where ∆m = m2 − m1. Then one has the range
∆m +
∑
i
mi ≤ a < m, (6)
from the point of view of energetics and the validity of the classical approach in a frame
indepedent form as stated before. Consequently the emission of a pi0 meson by an accelerated
proton,
p+ → p+pi0, (7)
will be favoured when a ≥ mpi ≈ 140 MeV. This statement about a lower limit for the
acceleration is the main contribution of the formalism devised in the previous papers. As we
are going to check in the last section, if this quantitative threshold is not taken into account
the respective reaction rates becomes irrelevant when compared to the non-massive case.
In the physical relevant range the emitted power of the process (5) for a proton in circular
motion can be easily adapted from the formulas of the scalar emission previously calculated
in (6).
W p+→p+s ≈
G(s)2
eff
a2
12pi
. (8)
In order to obtain that the power (8) from Eq.(4.7) of (6) one must perform the following
modifications on the due particle states: |pi+〉 7→ |pi−〉 and |n〉 7→ |p〉. Those substitutions
ensures the charge conservation and that the initial and final charged nucleon states are
coupled to the magnetic field, respectively.
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Now we apply the same formalism to consider the emission process of massive vector
mesons
p+ → p+ρ, (9)
by a non-inertial proton in circular motion. We omit the details of the derivations of the
formulas once it can be performed in a similar fashion as it is done in previous papers (6).
The semi-classical current in this case is
ˆja(x) = qˆ(τ)δ
3[x − x(τ)]√−gu0(τ) u
a(τ), (10)
ua = dxa/dτ where τ is the proper time and qˆ(τ) = ei ˆH0τqˆ0e−i ˆH0τ. ˆH0 is the proper Hamiltonian
( ˆH0|p1,2〉 = m1,2|p1,2〉) and qˆ0 is a self-adjoint operator. The coupling between the current and
the second quantized meson field is given by the action
ˆS I =
∫
d4x ˆja(x)
[
ˆAλa(x) + ˆAλ†a (x)
]
. (11)
The ˆAλa(x) are obtained from the solutions of the Proca equation. In a rest reference frame,
the worldline of the source is that of a particle in a circular trajectory of radius R and angular
frequency Ω (6; 7). The emitted power for the process (9) obtained from this procedure when
γ  1 and a < m is
W p
+→p+
(v) ≈
2G(v)2
eff
a2
3pi
. (12)
The effective coupling constant,
|〈p2|qˆ0|p1〉| ≡ G(v)eff , (13)
is to be associated with the strong coupling constant G(v)2
eff
7→ g′2 ≡ g2/(4pi)  14 as well
as in the former scalar case (G(v)2
eff
≡ G(s)2
eff
7→ g′2). If the conditions given above are not
accomplished in a system, a full quantum calculation of the transition rate is necessary, as
done in (2). However, as we are going to see, this range is enough for our discussion and
applications.
It can be verified that Eq. (12) can lead to the Larmor formula for photon radiation by
means of the direct association: α 7→ 2g′2. This happens because the coupling of protons with
photons and ρ mesons are both given by the action (11). Both interactions are of a vector type
and the states can be that of a massive or a zero rest mass field distinguishable in the sum over
the polarization states. Thus the final form of the emitted powers differs only by the magnitude
of the coupling constant. Once we estabilish the role of the proper acceleration it is argued
that in a regime where the acceleration exceeds the rest mass of the emitted field, (a/mρ  1)
the fact that this mass differs from zero becomes irrelevant and can be disregarded.
It must be emphasized that the formalism presented here cannot be applied when the
charges in the initial and final states of the current are different. Neutral and charged particles
follow distinct trajectories in the presence of an electromagnetic field. The related channel
p+ → npi+ for example, requires a different semi-classical formalism. The formalism and the
respective calculations can be found in (8).
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3. Applications
We now discuss some aspects and perform a practical application of the introduction of the
parameter of massive particle production derived from the present formalism.
The distinction between the respective emitted power of pi and photon radiation comes
from the difference on strong and electromagnetic coupling constants. A comparison between
(8) and the Larmor formula for synchrotron radiation shows that Ws/Wγ ∼ g′2/α  1 where
α is the electromagnetic coupling constant. Then if the proper acceleration of a proton reach
the respectives values a ∼ mρ,pi the channels (9) or (5) could be of interest.
As an application of the results we consider now the acceleration of particles in polar cap
models of pulsars (9; 10). In those models, a proton interacts with the dipolar magnetic field of
the pulsar and is accelerated by a parallel electric field. Firstly the component p⊥ (transverse
to the magnetic fields) of the p+ momenta vanish due to the usual synchrotron radiation before
they reach the threshold for the meson emission. Furthermore, the protons with momenta p‖
(parallel to the magnetic and electric fields) are accelerated by the electric potential drop
of the pulsar along the magnetic field lines, producing photons by curvature radiation. The
pion curvature radiation (5) can also occur (11; 12). The low χ regime is usually taken as
χ  mpi/m (2; 13), which is equivalent to a  mpi. In such a range, the respective rates of
process (5) decreases exponentially by a χ factor and consequentely the pion emission will
not be relevant in the known astophysical sites (12). This conclusion agrees with the present
analysis in the range a  mpi. As we are going to see further, this is not the case in the due
regime where a > mpi
A particle following a circular trajectory of radius Rc has proper acceleration given by
a ≈ γ2/Rc. The curvature radius Rc of the magnetic field line of a pulsar is related to the radius
rs of the star and to the light cone radius, RL = 2piP through Rc = 4/3(rsRL)1/2, where P is the
star period. Then, one has
a ≈ η
2e2φ2
m2Rc
. (14)
The η factor accounts for the efficiency of the polar cap acceleration mechanism (14; 15)
γ = /m = ηeφ/m. Also,
φ =
(
2pi2Br3s
P2
)
≈ 6.6 × 1018
( B
1012G
) (1ms
P
)2 (
rs
104m
)3
V, (15)
is the maximum available potential drop near the surface of the star (12; 17). For a typical
young pulsar the rotation frequency is P ∼ 1 ms and rs ∼ 104 m. Then, one has from (14) and
(5), the condition( B
1012G
)2 (ms
P
)9/2
> 2.6η−2
(
mx
mp
)
, (16)
for the meson emission occurs with a non negligible intensity. It is easily verified that for
η = 0.1 − 1 the condition (16) is fullfiled for typical values of the pairs (B, P) of the known
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Figure 1. The values of the (B, P) pairs satisfying (16) for a (conservative) efficiency
factor, η = 0.1. The full line corresponds to the values of (B, P) satisfying the threshold
mx = mρ = 770 MeV for the ρ emission; the dashed line is the respective curve for a pi meson
mx = mpi = 140 MeV.
pulsars (18). We plot in Fig.(1) the values of the pulsar parameters satisfying (16) for the
emission of scalar and vector mesons.
The relevance of the scalar meson emission must of course, be analysed in the usual
fashion from the cooling and acceleration timescales (19; 12) in the physical relevant regime.
The relationship between the respectives cooling times (t = /W) for the scalar and gamma
curvature radiation is
ts =
e2
4g2
tγ. (17)
The maximum attainable energy is given by the balance condition between the rate of energy
gain and the rate of energy loss (20). Then, from the equality
tpi,ρ,γ = ta, (18)
where ta = /φ is the acceleration time, one has
γ = 6 × 106
[( B
1015G
) (1ms
P
)]1/4
, (19)
γ = 1 × 107
[( B
1015G
) (1ms
P
)]1/4
, (20)
γ = 1 × 108
[( B
1015G
) (1ms
P
)]1/4
, (21)
for the vector, scalar meson and photon emission respectively, where the parameters B
and P must satisfy (16). We stress that if η(B/1015G)2(ms/P)9/2 < 2.6 × 10−6mx/mp,
the pi and ρ meson emission rate is highly supressed and the energy losses from usual
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electromagnetic curvature radiation dominates over the related emission of massive fields.
Because of the non-recoil condition it is not possible to draw conclusions for a pulsar
satisfying η(B/1015G)2(ms/P)9/2 ≥ 2.3 × 10−6.
From Eqs. (19)-(21) it is possible to verify that the energy scale for the production of
mesons (and consequentely the respective cooling times for the meson curvature radiation) is
less than the respective scale for ordinary curvature emission in pulsars with high magnetic
fields. We can argue that the pi and ρ curvature radiation can efficiently drain the proton
energy when they reach energies  ≈ 1015 eV in millisecond pulsars if the magnetic field is
1012 G. Since the scalar and vector mesons produces different neutrino flavors from its decay
channels, the meson synchrotron emission could be inferred from some detected excess of
neutrinos. Such an analysis is not performed here and must be published elsewhere.
It is well known that there are energy loss mechanisms other than curvature and
synchrotron radiation, e. g., photopion production and inverse Compton scattering. The
present application does not take these channels into account and just considers the
relationship between the scalar meson and photon curvature radiation from protons inside
the region of particle acceleration in pulsars.
4. Conclusions
In this brief note we have evaluated the role played by the proper acceleration of a source
when one is considering the classical limit of field methods. One can see from Eq.(16) and
Fig. (1) that the respective threshold for meson production is realized for pulsars endowed
with magnetic fields of order B = 1012 − 1015 Gauss and respective periods, P ≈ (1 − 10)
ms; for higher periods the corresponding magnetic fields would be B > 1015 G. Those
statements follows directly from the lower limit for acceleration of the sources, a ≥ mx; it
has not been taken into account in the previous works on emission of massive meson fields
(12; 13). The absence of this lower limit for favouring the process has lead to the conclusion
that those processes could never take place in an astrophysical environment due the dominance
of electromagnetic losses. Then if one is dealing with classical or semiclassical treatment of
the emission rates the lower (threshold for massive particle emission) asource > memitted and the
upper (non-recoil condition) limit asource < msource must constrain the range of calculations.
It is desirable to account for the consequences of this extra mechanism of energy loss in
models of particle acceleration where high magnetic fields of pulsars are needed.
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